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WKH WUDGLWLRQDO WHVW PLQLDWXUH VSHFLPHQ WHVW DOORZV H[WUDFWLQJ VSHFLPHQV IURP LQVHUYLFH VWUXFWXUH ZHOGLQJ DQG
WUHDWHGVXUIDFHWRREWDLQLQIRUPDWLRQRQWKHLPSDFWRIWKHORDGLQJR[LGDWLRQDQGLUUDGLDWLRQFRQGLWLRQV7KHXVHRI
VPDOO SXQFK WHVW 637 ZKLFK LV HFRQRPLFDO DQG QHDUO\ QRQGHVWUXFWLYHO\ LV D QRYHO ZD\ WR GHVFULEH WKH NH\
SDUDPHWHUVRILQVHUYLFHFRPSRQHQW
2YHUWKHODVWGHFDGHQXPHULFDOVWXGLHVKDYHEHHQFDUULHGRXWIRUHYDOXDWLQJPHFKDQLFDOSURSHUWLHVDQGFUHHSOLIH
RIPDWHULDOV>@*LGGLQJVHWDO>@DSSOLHGVPDOOSXQFKWHVWLQWKHLQYHVWLJDWLRQRIHODVWLFPRGXOXVDQGIUDFWXUH
EHKDYLRUVRI3RO\PHWK\OPHWKDFU\ODWH%DVHGRQWKHIUDFWXUHHQHUJ\FDOFXODWHGE\/RDG±'HIOHFWLRQFXUYHV'REHVHW
DO>@VKRZHGWKDWVPDOOSXQFKWHVWFRXOGEHDYDOLGLW\PHWKRGWRDVVHVVWKHGXFWLOHWREULWWOHWUDQVLWLRQWHPSHUDWXUH
'XHWRWKLVGLYHUVLW\LQYHVWLJDWLRQRQWKHHYDOXDWLRQPHWKRGRORJ\RIVPDOOSXQFKWHVWLVH[WUHPHO\LPSRUWDQW7KHVH
HPSLULFDO IRUPXODV SURYLGH DQ DSSURSULDWHZD\ WR GHVFULEH WKHPDFURVFRSLF EHKDYLRU RIPDWHULDOV 1HYHUWKHOHVV
WKHVHDQGVLPLODUFRUUHODWLRQV UHO\RQ WKHDFFXUDWHDFTXLVLWLRQRI WHQVLOHDQG IUDFWXUHSURSHUWLHVYDOXHVZKLFKZLOO
OLPLWWKHIXUWKHUDSSOLFDWLRQ
$ORQJZLWK WKH UDSLGGHYHORSPHQW RI FRPSXWHU VFLHQFH QXPHULFDO FRPSXWLQJ WHFKQRORJLHVZHUH GHYHORSHG WR
DQDO\]HWKHFRPSOH[GHIRUPDWLRQEHKDYLRURIVPDOOSXQFKWHVW$EHQGURWKHWDO>@WUDLQHGQHXUDOQHWZRUNVXVLQJ
/RDG'LVSODFHPHQW FXUYHV FDOFXODWHG E\ ILQLWH HOHPHQW VLPXODWLRQV LQ RUGHU WR SUHGLFW WKH IUDFWXUH DQG GDPDJH
SDUDPHWHUV )HQJ HW DO >@ GHVFULEHG D VLPLODU DSSURDFK WR HQVXUH FUHHS SURSHUWLHV ZLWK QHXUDO QHWZRUNV 7KH
DGYDQWDJHRI WKLVPHWKRG LV WKDW LW FDQ SURYLGH DFFXUDWH SHUIRUPDQFH SDUDPHWHUV WKURXJK DQDO\VLV RI WHVW FXUYHV
ZKLFKLVFRQYHQLHQWDQGUDSLG
'LIIHUHQW WRQHXUDOQHWZRUNVZKLFKOHDUQDQGUHFRJQL]HPDWHULDOSDUDPHWHUVE\D ODUJHQXPEHURIGDWD LQYHUVH
QXPHULFDOPRGHO LVDQRWKHUSRZHUIXO WRRO WRHVWLPDWHSDUDPHWHUV WUXO\XVLQJFDOFXODWHGFXUYHV WRDSSUR[LPDWH WKH
H[SHULPHQWDO UHVXOWV$OWKRXJK WKLVPHWKRG LV VWLOO DW LWV SUHOLPLQDU\ VWDJH LW KDVEHHQSURYHG WREH D VLJQLILFDQW
DWWHPSW ,Q WKH SUHVHQW VWXG\ WKH PHFKDQLFDO SURSHUWLHV RI ; KDYH EHHQ LQYHVWLJDWHG EDVHG RQ H[SHULPHQWDO
LQYHVWLJDWLRQ DQG QXPHULFDO VLPXODWLRQ $ ILQLWH HOHPHQW PRGHO ZDV HVWDEOLVKHG WR VLPXODWH WKH IUDFWXUH DQG
GHIRUPDWLRQ EHKDYLRU RI VPDOO SXQFK WHVW $IWHU WKH YHULILFDWLRQ RI UDWLRQDOLW\ DQG YHUDFLW\ RI PRGHO WKH \LHOG
VWUHQJWKZDVGHWHUPLQHGE\XVLQJLQYHUVHILQLWHHOHPHQWPRGHODQG/RDG'LVSODFHPHQWFXUYHV,QRUGHUWRRSWLPL]H
WKH SUHGLFWLRQ PRGHO JROGHQ VHFWLRQ PHWKRG ZDV FKRVH 7KH FDOFXODWHG YDOXH ZDV LQ JRRG DJUHHPHQW ZLWK WKH
FRQYHQWLRQDOH[SHULPHQWDOUHVXOWV
([SHULPHQWDO0HWKRGV
$OOWKHH[SHULPHQWVLQWKLVSDSHUZHUHFDUULHGRXWRQWKH,167521PDFKLQHZLWKVHOIGHVLJQHGIL[WXUHV,QRUGHU
WRHQVXUHWKHVXUIDFHURXJKQHVVWKHVSHFLPHQVZHUHPDFKLQHGDQGSROLVKHGWRɎPPîPPILUVWO\7KHQ
WKHXSSHUDQGORZHUGLHVDUHDSSOLHGWRIL[WKHORFDWLRQRIGLVNVDVVKRZQLQ)LJ>@7KHGLPHQVLRQRIUHFHLYLQJ
KROHLQORZHUGLHLVPPDQGWKHGLDPHWHURIEDOOLVPP'XULQJWKHWHVWDFRQVWDQWVSHHGZDVXVHGKHUHWRSUHVV
WKHVSHFLPHQWKURXJKWKHSXQFKDQGEDOO0HDQZKLOHWKH/RDG'LVSODFHPHQWFXUYHVZHUHPRQLWRUHGDQGUHFRUGHG
IRUDQDO\]LQJWKHPDWHULDOSURSHUWLHV
7KHORZHUGLH
UHFHLYLQJKROH
RIORZHUGLH
%DOO
3XQFK
5RXQG
6SHFLPHQ
7KHXSSHUGLH
&RQVWDQW
6SHHG
ÏPPîPP

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)LJ&RQYHQWLRQDOWHQVLOHWHVWLQJFXUYHRI;
,Q RUGHU WR YHULI\ WKH UHVXOWV RI VPDOO SXQFK WHVW PHFKDQLFDO SURSHUWLHV RI ; ZHUH DOVR DQDO\]HG E\ WKH
WUDGLWLRQDOWHQVLOHWHVWV7KHWHQVLOHFXUYHLVVKRZQLQ)LJDQGWKHUHVXOWVDUHVXPPDUL]HGLQ7DEOH
7DEOH0HFKDQLFDOSURSHUWLHVRI;DWURRPWHPSHUDWXUH
(ODVWLF 0RGXOXV
(MPa) 3RLVVRQ¶UDWLRQ
<LHOG 6WUHQJWK
(MPa)
8OWLPDWH WHQVLOH
6WUHQJWK (Mpa)
   
0RGHOLQJ6WXG\
3.1. Small punch test model 
,Q WKHSUHVHQWZRUN WKH ILQLWHHOHPHQW VLPXODWLRQZDVSHUIRUPHG WRSUHGLFW WKHGHIRUPDWLRQEHKDYLRURI VPDOO
SXQFKWHVWDQGXVHGWRREWDLQORDGGLVSODFHPHQWGDWDIRULQYHUVHDQDO\VLV$QLPSRUWDQWIHDWXUHRIVPDOOSXQFKWHVW
LV WKH V\PPHWU\ RI GHIRUPDWLRQ DQGGDPDJH HYROXWLRQSURFHVV )RU WKLV UHDVRQ D WZRGLPHQVLRQDO D[LV\PPHWULF
ILQLWHHOHPHQWPRGHOZDVHVWDEOLVKHGDVVKRZQLQ)LJ>@7KHEDOOXSSHUGLHDQGORZHUGLHZHUHPRGHOHGDV
ULJLGERGLHV7KHVSHFLPHQZDVPHVKHGXQLIRUPZLWKDUHDVRQDEOHPHVKVL]HLQRUGHUWRVDYHFRPSXWDWLRQDOWLPH
0HDQZKLOH ILQH HOHPHQW ZDV GHILQHG LQ WKH WKLFNQHVV GLUHFWLRQ DFFRUGLQJ WR SUHOLPLQDU\ LQYHVWLJDWLRQ RI ODUJH
GHIRUPDWLRQSURFHVV>@

)LJ)LQLWHHOHPHQWPRGHORIVPDOOSXQFKWHVW

7KHORZHUKROGHU
%DOO
6SHFLPHQZLWKXQLIRUPPHVK
0RYHZLWK
FRQVWDQWVSHHG
D[LV\PPHWULF
PRGHO
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3.2. Inverse finite element model 
'LIIHUHQWWRWKHSUHYLRXVUHVHDUFKHVWKH/RDG'LVSODFHPHQWFXUYHVSUHGLFWHGZLWKGLIIHUHQWSDUDPHWHUVKHUHZHUH
DSSOLHG WR DSSUR[LPDWH H[SHULPHQWDO UHVXOW 7KH GLIIHUHQFH EHWZHHQ H[SHULPHQW DQG VLPXODWLRQ FXUYHZDV VHW DV
REMHFWLYHIXQFWLRQ

     
D EXP FEAf f D f D d D ³   
:KHUHDLVWKHGLVSODFHPHQW  EXPf D LVWKH/RDG'LVSODFHPHQWFXUYHIXQFWLRQRIH[SHULPHQW  FEAf D LVWKH
FXUYHIXQFWLRQRIH[SHULPHQW
$VDQHIIHFWLYHUHJLRQHOLPLQDWLRQPHWKRG>@JROGHQVHFWLRQVHDUFKDOJRULWKPWREHXVHGIRUWKHGHWHUPLQDWLRQ
RIDVLJQDOSDUDPHWHUKDVEHHQLQWURGXFHGLQWKLVVWXG\7KHPDLQLGHDEHKLQGWKLVVHDUFKDOJRULWKPLVWKDWDJROGHQ
UDWLRRIWKHPDMRUVXEVHJPHQWWRWKHPLQRUSDUWZKLFKKDVEHHQIRXQGLQDODUJHQXPEHURIVWUXFWXUHV>@$VDQ
HIIHFWLYH WHFKQLTXH IRU ILQGLQJDPLQLPXPYDOXHRIREMHFWLYH IXQFWLRQE\QDUURZLQJ WKH UDQJHRIFDOFXODWLRQ WKH
6FKHPDWLFGLDJUDPRIJROGHQVHFWLRQLVVKRZQLQ)LJ
 
Į Į
[ [
[ [ [
Į Į
WK
WK
[ [
WK
[ [

)LJ6HDUFKLQWHUYDO>@
%DVHG RQ WKH VHDUFK DOJRULWKP DQG ILQLWH HOHPHQW DQDO\VLV D FDOFXODWHG PRGHO FRPELQHG 0$7/$% DQG
$%$486ZDVDGRSWHGDVFRUHLGHDLQRUGHUWRFRPSOHWHWKHLWHUDWLYHFRPSXWDWLRQV
5HVXOWVDQG'LVFXVVLRQ
4.1. Load-Displacement curves 
7\SLFDOH[DPSOHVRIWKH/RDGYHUVXV'LVSODFHPHQWFXUYHVRIVPDOOSXQFKWHVWPHDVXUHGRQWKH;DUHJLYHQLQ
)LJ ,W FDQEH VHHQ WKDW WKHRYHU VKDSHRI WKUHH FXUYHV LV VLPLODU WR HDFKRWKHUZKLFKSURYHV WKHYHUDFLW\ DQG
UHSHDWDELOLW\RIVPDOOSXQFKWHVW LQ WKLVSDSHU7KHVLPLODU WUHQGFDQDOVREHIRXQG LQ WKHFXUYHVRIILQLWHHOHPHQW
VLPXODWLRQ )LJ $W KLJKORDG UHJLRQ WKHUH LV GLVWLQFW GLIIHUHQFH EHWZHHQ H[SHULPHQWDO DQG QXPHULFDO FXUYHV
7KLVLVEHFDXVHRIWKHVWUHVVFRQFHQWUDWLRQDQGORFDOGDPDJHLQWKLVSKDVHZLWKODUJHGHIRUPDWLRQ0HDQZKLOHDVD
PXOWLD[LDO VWUHVV VWDWH WKH LVRWURSLFDVVXPSWLRQZLOO OHDG WR WKH LQDFFXUDF\ LQ WKHSUHGLFWLRQRISODVWLF LQVWDELOLW\
SKDVH,WLVZRUWKWREHQRWHGWKDWWKHUHDUHRQO\ILQHGLIIHUHQFHLQWKHHODVWLFGHIRUPDWLRQDQGSODVWLFGHIRUPDWLRQ
WHU SURFHVVHG E\ /63 ZKLFK LPSOLHV WKH ZHOGLQJ WHQVLOH UHVLGXDO VWUHVV FDQ EH PRGLILHG DQG FKDQJHG LQWR
VFDQEHFDOFXODWHGE\WKHWUDQVLWLRQYDOXHIURPHODVWLFSKDVHWRSODVWLFSKDVH>@7KXVWKLVPRGHOHVWDEOLVKHG
KHUHLVUDWLRQDOZKLFKFDQEHXVHGWRDQDO\VHWKH\LHOGVWUHQJWKRI;DFFXUDWHO\

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)LJ7KHFRPSDULVRQRIWKHH[SHULPHQWDODQGVLPXODWLRQFXUYHVRI;
4.2. Optimization of yield strength 
7KH IORZ FKDUW RI RSWLPL]DWLRQ LV VKRZQ LQ )LJ  ,Q OLQHVHDUFK RSWLPL]DWLRQ DQ RULJLQDO UDQJH LV QHHG IRU
VHDUFKLQJDORFDOPLQLPXPSRLQW>@:LWKRXWORVVRIJHQHUDOLW\WKHUDQJH>@LVVHWDVVHDUFKLQWHUYDOLQWKLV
SDSHU,QWKHJROGHQVHDUFKDOJRULWKPWKHĮLV>@)LQDOO\WKHFDOFXODWLRQWHUPLQDWHVZKHQWKHUDQJHLVOHVV
WKDQWKHVHWYDOXH
7KH2SWLPL]DWLRQ UHVXOW RI \LHOG VWUHQJWK LV LQGLFDWHG LQ7DEOH  ,W LV GLVWLQFW WKDW WKHUH LV GHYLDWLRQ EHWZHHQ
UHVXOWVRILQYHUVHILQLWHHOHPHQWDQDO\VLVDQGWHQVLOHWHVW7KLVLVEHFDXVHRIWKHHIIHFWRIFRPSOH[VWUHVVVWDWHRQWKH
GHIRUPDWLRQ EHKDYLRU RI VPDOO SXQFK WHVW ZKLFK LV GLIIHUHQW IURP FRQYHQWLRQDO WHQVLOH WHVW XQGHU XQLD[LDO
VWUHVV>@ $QRWKHU UHDVRQ LV WKDW WKH SUHGLFWHG FXUYH RI ILQLWH HOHPHQW VLPXODWLRQ LV QRW DEOH WR HQWLUHO\
RYHUODSSHG WKH VOLJKW PLVDOLJQPHQW EHWZHHQ FXUYHV ZLOO OHDG WR WKH DSSDUHQW HUURU RI SUHGLFWLRQ 2YHUDOO WKH
SUHGLFWHG PRGHO FUHDWHG LQ WKLV VWXG\ LV UHDVRQDEOH DQG DFFXUDWH ZKLFK FDQ EH XVHG WR DQDO\]H WKH PHFKDQLFDO
SURSHUWLHVRIPDWHULDOVEDVHGRQVPDOOSXQFKWHVW

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)LJ)ORZFKDUW
7DEOH2SWLPL]DWLRQYDOXHRI\LHOGVWUHQJWK
0DWHULDO  2SWLPL]DWLRQYDOXH
(MPa)
5HVXOWVRIWHQVLOH
WHVW(MPa)
(UURH (%)
;   
&RQFOXVLRQ
,QWKLVVWXG\DQLQYHUVHILQLWHHOHPHQWWHFKQLTXHEDVHGRQVPDOOSXQFKWHVWZDVXVHGWRHYDOXDWH\LHOGVWUHQJWKRI
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